Summary: A system permitting computer control of par tial ischemia in the normotensive rat brain was devel oped. Right carotid cannulation and bilateral subclavian artery occlusion made the input of blood to the brain de pendent solely on left carotid artery flow. Perfusion pres sure was controlled by partial compression of this artery with a balloon. The system can produce a range of partial ischemic states maintaining perfusion pressures from 4 to 20 mm Hg. The adequacy of the servo-control system was evaluated in greater detail at requested perfusion pressures of7 and 12 mm Hg in 14 male Sprague-Dawley rats (300-450 g). Experimentally obtained cerebral per fusion pressures of 6.84 (SD = 0.25, n = 7) and 11.72
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Attainment of a reproducible, stringently con trolled animal model of cerebrovascular ischemia has proven an elusive task, as the number of avail able experimental strategies would certainly attest (Molinari and Laurent, 1976; Garcia, 1984) . The popularity of these methods has historically waxed and waned upon consideration of their cost effec tiveness, applicability to the human condition, depth of anesthetic depression, degree of required surgical expertise, and the necessity for con founding systemic insults such as hypoxia or hypo tension to induce lesions. With the recent surge of interest in testing pharmacologic agents that might ameliorate the effects of stroke, it no longer seems (SD = 0.89, n = 7) mm Hg, respectively, demonstrate the efficacy of the system. CBFs were concurrently mea sured at four separate bilaterally symmetric anatomic sites (cortex, hippocampus, thalamus, and substantia nigra). Significant intra-and interhemispheric differences were found to exist, with regional flows monitored ipsi laterally to the carotid balloon exceeding those of the op posite hemisphere. In summary, this acute model of cere bral ischemia permits control of perfusion pressure over the entire critical partial ischemic range. Key Words: Ce rebral blood flow-Computer-Constant pressure Ischemia-Model. sufficient for a model to merely possess an ability to produce ischemic injury. Instead, it is desirable to generate a predictable level of mild ischemic damage that permits accurate assessment of thera peutic efficacy. In particular, the effects of any pro posed intervention on blood flow thresholds for edema formation, electrical silence, and membrane failure (Astrup et aI., 1981; Siesj6 and Wieloch, 1985) would be of considerable interest. The chal lenge is to devise some means of attaining, and then sustaining, these or other critical flow levels.
The development of a cervical four-vessel occlu sion model by Pulsinelli and Brierley (1979) was an advance in the study of global ischemia. Although sometimes criticized for the inconsistency of isch emic flow (Furlow, 1982; Kameyama et aI., 1985) , these discrepancies may simply reflect failure to adhere to explicit animal selection criteria (Pulsin elli and Brierley, 1979; Pulsinelli et aI., 1983) . This model has enjoyed wide acceptance and been used profitably in numerous morphologic, metabolic, and biochemical investigations (Plum, 1983; To dd et aI., 1986) . It remains somewhat limited, however, in that ligature and electrocautery of the carotid and vertebral vessels can achieve only a single isch emic level; i.e., there is no way to effectively mod ulate the magnitude of ischemic injury.
We report here on the development of a modul able partial ischemic model in which the depth of the partial ischemic state is entirely under the con trol of the investigator. Computer-generated signals that activate a compressive perivascular carotid cuff allow precise clamping to any desired cerebral perfusion pressure (CPP). Thus, our method com bines the advantages of an extracranial surgical ap proach with the sophistication of automated feed back control, permitting rigorous study of a wide range of ischemic perfusion pressures.
METHODS

Experimental summary
Our previous work with animal models required that the animals be subjected to systemic hypotension and heparinization to maintain computer control over the de sired range of perfusion pressures (Hudetz et aI., 1985) . An improved system of modulating CPP without the use of hemorrhagic hypotension is shown in Fig. 1 . Once a carotid artery is cannulated and both subclavian arteries are occluded, the animal is made sufficiently dependent on input from the remaining intact carotid to permit mod ulation of ischemia. This is accomplished by means of extravascular balloon partial occlusion of the vessel. Briefly, the left common carotid artery is freed from ad herent connective tissue and placed within a plastic cyl inder cuff. A latex balloon that has been connected to a servo-pump is then inserted into the cylinder, flush IBM AT against the vessel wall (see Fig. 1 ). The servo-pump is interfaced to the computer to ensure that the actual per fusion pressure generated by balloon inflation is closely matched to the required perfusion pressure. This method allows control of perfusion pressure through the entire ischemic range (Fig. 2) . The syringe servo-system pro vides sensitive control of perfusion pressure, while an additional pump used only intermittently (Gilson Min iplus 2) is included in the system to provide coarse range control and rapid initiation of ischemia. The surgical preparation time is -1.5 h and possesses an acceptable mortality rate (-5%).
Pressure modulation and measurement system Hester et al. (1983) describe a system for controlling renal perfusion pressure in dogs by modulating the pres sure in a Dacron-reinforced inflatable Silas tic occluder placed around the aorta. Our system is a duplicate of theirs, although specific modifications were required to adapt this macrooccluder system to function adequately in our model. Our balloon volume was -0.2-0.3 m!. Thus, while their system employed a lO-ml syringe, ini tial work with our system showed that a IOO-ILl Hamilton syringe had sufficient capacity to effectively control per fusion pressure. The balloon system response rate of -5 mm Hg/s was more than sufficient to correct for pertur bations in systemic pressure; however, this system tended to oscillate excessively, normally by 2-3 mm Hg. Therefore, 10 ml of damping air volume was added to the closed water system. This reduced the response time of the system by IO-fold (i.e., to 0.5 mm Hg/min) and re duced the pressure fluctuations in CPP to a more accept able 0.5 mm Hg. With the reduction in response time, the capacity of the 100-I.ll syringe was no longer adequate; therefore, a syringe approximately three times longer than the original one was built. The plunger of the syringe FIG. 1. Block diagram of the components in the pressure control system. The IBM-AT at the core of the system is interfaced to four pressure transducers and monitors carotid blood (CBP), venous (VP), systemic blood (SBP), and balloon pressures. A transducer mixer provides a con tinuous voltage to the servo-control system, which is proportional to cerebral perfusion pressure (CPP), CPP = CBP -VP. The servo circuitry that drives the servo-motor compares the actual perfusion pressure to that required and adjusts the balloon pressure to minimize this difference. was made from a I-ft-long 14-gauge bicycle spoke, which was sealed with o-rings to a piece of glass tubing. The difference between the carotid blood pressure (CBP) and venous pressure (VP) signals was obtained from a modified Grass Tr ansducer Mixer (model TM-l). To increase baseline stability of the transducer mixer, all I-turn variable resistors in the device were replaced with lO-turn potentiometers.
Latex balloon manufacture
Balloons must be prepared within 4 days of the experi mental procedure, as longer storage may result in balloon malfunction. A balloon mold was made by machining a stainless-steel plug on a metal lathe to obtain a oval shape measuring 2 x 3 mm (minor and major axes) with a I-mm neck. The stainless-steel mold was then smoothed and polished with fine emory cloth. Actual manufacture of the balloons was accomplished by the following series of steps. The mold was first cleansed with acetone, dipped in latex, and then allowed to air dry until the latex ap peared clear (�15 min). Dipping and air drying were re peated. The mold was dipped once more in latex, then immediately transferred to a 100°C oven and cooked for 15 min. After cooking and cooling, two drops of silicon oil were placed on the mold and the balloon was gently peeled from it. Latex for balloon manufacture is obtained from Killian Latex Inc. (2064 Killian Road, Akron, OH 44312, U.S.A.).
Animal preparation (electrode implantation)
Sprague-Dawley rats were placed under normothermic general anesthesia (70% N02, 29% 02, 1% halothane). Following a dorsal sagittal incision, blunt dissection was performed to expose the cranial vault. One craniectomy (�2 x 3 mm) was performed 1 mm from each side of the sagittal suture and 2 mm dorsal to the bregma (a total of two per animal). Two arrays consisting of four platinum electrodes each were stereotaxically placed within the cortex, hippocampus, thalamus, and substantia nigra of the right and left hemispheres (Hudetz et aI., 1985) . Dental acrylic cement was molded around the electrode
holders, forming in effect a methacrylate skullcap. Edges of the bony defects were also covered. The animals were then placed in their home box for at least 24 h to permit adequate recovery.
Surgical preparation
The animals were once again placed under normo thermic general anesthesia (70% NOz, 29% 0z, 1% halo thane). A midline incision was made from �5 mm inferior to the mental protuberance of the mandible to the inferior level of the xyphoid process. The skin flaps were re tracted back and the parotid, mandibular, and greater sublingual glands were removed via bipolar cautery. After resecting the muscles sternohyoideus, omo hyoideus, and stylohyoideus, a tracheostomy was per formed and the animal was paralyzed with curare and ventilated with a small animal respirator (Harvard 683). An incision was made through the left portion of the pec toralis superficialis and pectoralis profundus muscles at their partial origins at the manubrium and sternebrae and the second sternebrae and xiphisternum, respectively. The first five ribs were detached from the left side of the sternum using sharp scissor dissection, taking care not to sever the left internal thoracic artery or vein. The left side of the thoracic cavity was approached because of the ready access to the left subclavian artery. After the tho racic cavity was exposed, the thymus was retracted such that three of the four major vessels (innominate, right and left common carotid arteries) of the aortic arch were ex posed. The left superior vena cava was retracted to ade quately expose the left subclavian artery. Bilateral sub clavian artery ligation using microclips was performed just prior to partial occlusion of the left common carotid artery. The carotid arteries were isolated from the vagus nerves. After ligation of the right external carotid artery, two cannulas were inserted into the right common carotid artery, one anterograde for measurement of circle of Willis pressure (CBP) and one retrograde for measure ment of systemic blood pressure (SBP). A plastic hollow cylinder and deflated balloon were placed around the left common carotid artery, taking care not to occlude the ar tery. Partial resection of the muscle sternomastoideus oc casionally proved necessary for balloon and cuff replace ment. The balloon was connected to the servo-syringe. The right jugular vein was cannulated for VP monitoring, while the right femoral artery was cannulated for arterial blood gas determinations.
Postsurgical procedures
The Sprague-Dawley rats were maintained under nor mothermic general anesthesia (70% NOz, 29% 02, 0.8% halothane). To tal gas flow rates were maintained above 4 Llmin to avoid nonlinearities in the delivery of halothane, which are a problem at low flow rates. In all cases suffi cient halothane was administered to depress the SBP from normal (125 -130 mm Hg) to the reported pre ischemic systemic pressures of � 100 mm Hg (see Ta ble 1). Seventy percent nitrous oxide with 0.5% halothane is an adequate anesthetic regimen (see, for instance, To dd et a!., 1986), and we have previously used this anesthetic level in studies without paralysis, demonstrating loss of flexor-withdrawal responses under these conditions. Ex perimental halothane levels were set to 0.8% to maintain a significant reduction in blood pressure throughout the experimental time course, thus providing an objective demonstration of the depth of anesthesia. All animals were allowed to stabilize for at least 60 min after th . sur gery. During this time, the pressure transducers were zeroed and standardized and arterial blood gas status was determined. The animal's PaC02, Pa02' and pH were maintained within normal limits. At the end of each ex periment, the animal's hematocrit was determined.
Measurement of CBF
The regional CBF was measured intermittently by hy drogen clearance, at � is-min intervals for 60 min prior to ischemia and at the maximum rate commensurate with adequate resaturation during the ischemic time course (Aukland et al., 1964; Haining et al., 1968) . Initiation and timing of hydrogen inhalation and washout, data storage, and on-line flow analysis were performed by an IBM-AT computer.
RESULTS
Two groups of seven animals were studied at CPP s of 7 and 12 mm Hg. Preischemic values of pertinent physiologic parameters did not differ sig nificantly between the two groups (Table I) , as as sessed by Student's t test. Systemic pressures are somewhat lower than normal owing to administra tion of 0.8% halothane. A p value of <0.05 was ac cepted as significant in all instances.
The model's dynamic range of pressure control is illustrated in Fig. 2 . Following unilateral carotid ar tery cannulation and bilateral subclavian artery oc clusion, paravascular balloon compression of the remaining carotid was used in a prototype animal to modulate CPP between 4 and 14 mm Hg. Total oc clusion (not illustrated) consistently reduced perfu sion pressures to 1-2 mm Hg. The precision of the servo-control mechanism was �0.5 mm Hg on ei ther side of the requested CPP. Reported perfusion pressures were averaged over the hydrogen washout period. Figure 3 illustrates the system's ability to maintain a desired perfusion pressure-in this case, 12 mm Hg-under experimental condi tions. Despite postoccIusive variation in SBP (range 88-105 mm Hg), CPP was locked to a value of 11.82 mm Hg that exhibited minimal fluctuation (SD = 0.14) over the 4-h experiment.
The mean SBP, CBP, VP, and CPP recorded during a period of partial carotid occlusion are sum marized for all animals in Table 2 . Preischemic sys temic pressure was maintained throughout the isch emic time course in the 12-mm Hg CPP group; however, time-dependent decreases in systemic pressure occurred in the 7-mm Hg CPP group, probably owing to the combined effects of severe ischemia and the anesthesia level. For the 7-mm Hg CPP group, the range of mean actual perfusion pressures was 6.34-7.22 mm Hg, with a sample mean of 6.84 ± 0.25 mm Hg (n = 7). The CPP sample range and mean of the 12-mm Hg group were 10.66-13.7 1 and 11.72 ± 0.89 mm Hg (n = 7), respectively. These results emphasize the accu- During the 4-h ischemic period, systemic blood pressure (SSP; 93.1 ± 5.3 mm Hg) ranged between 88 and 105 mm Hg. To counter these systemic pressure changes, balloon pressure (109.0 ± 3.9 mm Hg) was modulated from 106 to 117 mm Hg, thus controlling the mean experimental perfu sion pressure to 11.82 ± 0.14 mm Hg. Carotid stump pres sure was quite constant during this period (18.21 ± 0.17 mm Hg) as was venous pressure (VP; 6.39 ± 0.22 mm Hg). CSP, carotid blood pressure. racy and precision of the system's response to re quests for relatively low CPPs. Interesting cerebral hemodynamic behavior was exhibited during the course of constant pressure ischemia, which varied as a function of both ana tomical site and magnitude of CPP (Figs. 4-6 ). During ischemia, blood flows measured within the left hemisphere (ipsilateral to the partially occluded carotid vessel) were consistently higher than those recorded at identical regions of the right hemi sphere. Under preischemic conditions, interhemi spherical blood flow differences were found in ana tomically deep regions of the cerebrum (thalamus and substantia nigra). It should be remembered that direct carotid input to the right hemisphere was completely interrupted by ligature and cannulation. It can be presumed that these procedures made it more compromised than its partner hemisphere, as well as highly susceptible to unfavorable pressure drops across the communicating channels of the circle of Willis and the deeply penetrating paren chymal resistance vessels. This asymmetry must have contributed to an apparent interhemispheric reversal of regional CBF ranking. Note, for ex ample, that within the left hemisphere, thalamic ("deep cerebral" ) blood flow exceeded cortical ("superficial cerebral") flow; this pattern was re- sure. This figure summarizes the significant differences found between hemispheres pre ischemia (45 mm Hg) and during ischemia (7 and 12 mm Hg). At 45 mm Hg, right hemi sphere thalamic and nigral flows were reduced compared with those of the left hemisphere. Ischemia accentuated the regional differences at all sites recorded, the cortex being most resistant to relative change. Bars are SEMs (n = 7 for 7-and 12-mm Hg groups; n = 14 for 45-mm Hg group). Sig nificance levels are as follows: *p < 0.05; *'p < 0.01; ***p < 0.001.
versed in the right hemisphere. Such behavior ap peared independent of CPP (Fig. 6 ). Another inter pretation is that cortical blood flow across the dif ferentially insulted hemispheres was preferentially or better protected during ischemia. Thus, rela tively little difference in cortical blood flow was seen between the two hemispheres, as compared with the flows of the hippocampal, thalamic, and substantia nigral tissues; this is perhaps best appre ciated in Fig. 4 . The magnitude of constant CPP greatly in fluenced regional blood flow patterns during isch emia, as depicted during typical experiments in Figs. 4 and 5. At 12 mm Hg CPP, initial regional flows within the left hemisphere ranged from � 30 to 50 mlllOO g/min. The highest initial flows oc curred at the deepest sites monitored (thalamus and substantia nigra), and commenced to decline pro gressively but slowly over 250-300 min of isch emia. These flows were never seen to fall below 40 mlll00 g/min during this interval of time. Initial blood flows with onset of ischemia were lowest at the superficially located cortex and hippocampus; these subsequently showed little change in magni tude over the course of an experiment. Initial blood flows within the right hemisphere displayed the regional rank reversal alluded to earlier and ranged from roughly 12 to 22 mll l 00 g/min. Over time, these flows slowly increased.
At constant 7 mm Hg CPP, initial flows within the left hemisphere were not much different from those found within the right hemisphere perfused at 12 mm Hg CPP. Subsequent hemodynamic behavior was fundamentally different, however, as regional flows collapsed toward no-flow conditions, extrap olated to occur within 116 min in this example (Fig.  5) . Initial flows within the right hemisphere were lower and collectively approximated the mean flows recorded by To dd et al. (1986) . These flows also collapsed, and vascular shutdown occurred after roughly 107 min of severe partial ischemia (Fig. 5) . The mean extrapolated times for total vas cular collapse at 7 mm Hg CPP in the left and right hemispheres were 212 ± 29 (mean ± SEM; n = 7) and 137 ± 12 (mean ± SEM; n = 7) min, respec tively.
DISCUSSION
The historical evolution of small mammalian models of cerebrovascular ischemia properly begins with the combined insult method of Levine (1960) . Unilateral common carotid ligation together with exposure to nitrogen or nitrous oxide pro duced hemispherical lesions in the rat, the extent and severity of which were determined largely by the depth and duration of the anoxic period. An at tractive feature of this or similar methods is their technical simplicity, which permits the rapid gener ation of a sample size requisite for statistical anal ysis (Brown and Brierley, 1968; Salford et aI., 1973) . Unfortunately, the need to include a sys temic derangement, be it anoxia or hemorrhagic hypotension, complicates the interpretation of isch emic injury. A similar difficulty is confronted in the compression ischemia model of Ljunggren et al. (1974) , in which the injection of artificial CSF in creases intracranial pressure to a level 40 mm Hg above normal systolic pressure. The traumatic ef fects of significantly raised intracranial pressure on cerebral tissue must, of course, color any analysis of vascular insult.
The Mongolian gerbil preparation (Levine and Payan, 1966) has been used extensively in stroke research; because of the incompleteness of the an imal's circle of Willis, uncomplicated unilateral as well as bilateral carotid occlusion will produce functional, metabolic, and histologic cerebral im pairment (Harrison et aI., 1973; Ito et aI., 1975; Kelly and Halsey, 1976; Crockard et aI., 1980; Conger et aI., 1981; Tr easure et aI., 1983) . Bilateral carotid occlusion in this model results in a diffuse "no-flow" situation (Kelly and Halsey, 1976 ) unac companied by changes in cerebral specific gravity, a marker of edema formation (Crockard et aI., 1980) . This end-stage hemodynamic pattern is un likely to stimulate great interest in those concerned with the therapeutic amelioration of stroke. On the other hand, unilateral occlusion of the gerbil ca rotid artery results in a rather wide spectrum of postocclusive CBFs (Crockard et aI., 1980) and neurologic deficits (Ito et aI., 1975) . This striking variability may be of great use in certain correlative studies such as those of Crockard et ai. (1980) , but the unpredictable consequences of carotid flow in terruption make an appreciable sample size essen tial for statistical significance.
In contrast, the Pulsinelli-Brierley model yields consistent, reproducible partial ischemic damage once proper animal selection and visually con firmed bilateral vertebral artery electrocauteriza tion have occurred (Pulsinelli and Brierley, 1979; Pulsinelli et aI., 1983) . Application of the authors' ischemic and postischemic selection criteria results in variable percentages of successful four-vessel occlusions. Modifications of the model have been proposed in an effort to enhance yield. Thus, for example, the three-vessel occlusion model of Ka meyama et ai. (1985) substitutes basilar artery cau terization and transection for occlusion of the ver-tebral arteries; this procedure effectively prevents collateral circulation via the anterior spinal artery and offers consistent hemodynamic results as mea sured by autoradiography. The method does entail an intracranial surgical approach and consequently is more technically demanding than the Pulsinelli Brierley model.
It is noteworthy that, with the exception of the hemorrhagic variant, models based on the Puis in elli-Brierley method do not permit modulation of the level of ischemia. Thus, Pulsinelli et al. (1982b Pulsinelli et al. ( , 1983 report almost total forebrain ischemia (neo cortical blood flows of -1 mill 00 g/min) during "successful four-vessel occlusion" in awake Wi star rats in which blood flow was determined with [l4C]iodoantipyrine. Using a four-vessel occlusion model in which experimental conditions closely match this study's (i.e., nitrous oxide-halothane anesthetized Sprague-Dawley rats, with hydrogen clearance to determine CBF), To dd et al. (1986) re port mean ischemic CBFs of 5.8 ± 0.4 ml/l00 g/min. Thus, these two studies report values that are lower than the presumed thresholds for loss of electrical function (15-20 mlll00 g/min) (Shar brough et aI., 1973; Tr ojaborg and Boysen, 1973; Branston et aI., 1974; Heiss et aI., 1976) , membrane failure (-25% of control CBF in the rat) (Siesj6 and Wieloch, 1985) , and tissue infarction (10-12 ml/IOO g/min for 2-3 h) (Morawetz et aI., 1978; Jones et aI., 1981) . These and other breakpoints of insta bility may be critical to the success of therapeutic intervention, and represent states of tissue that are far more intriguing than irreversible necrosis. As has been repeatedly emphasized elsewhere (Astrup et aI., 1981; Heiss, 1983) , slight variations in nu trient flow to damaged brain at these critical points probably have enormous consequences in terms of neuronal salvage and preservation. But how can full advantage be taken of this concept for possible clinical gain? What seems urgently needed at this time is an animal model that can be reliably posi tioned within and about the narrow spectrum of CPPs and flows that determine nervous tissue via bility and irreversible hemodynamic collapse (Figs. 4 and 5). As we have demonstrated, our computer modulated, servo-controlled model is able to repro duce (Fig. 2) and maintain (Fig. 3 ) a considerable range of pressures, including those that presumably correspond to threshold partial ischemic states. The flows that are achieved by the "constant pres sure" model indeed are seen to span values that are currently deemed as critical in the cerebrovascular literature (Fig. 6) . That only slight differences in perfusion pressure can also profoundly influence the evolving behavior of ischemic brain injury is
dramatically illustrated by the right hemisphere of Fig. 4 and the left hemisphere of Fig. 5 ; it appears that a difference of only 5 mm Hg at comparably low rates of flow can determine whether microcir culatory maintenance, escape (recovery), or irre versible shutdown emerges.
The design of the "constant pressure" model en sures that cerebral blood supply is dependent solely on the integrity of a single extracranial artery, which simplifies the analysis of experimental re sults (Garcia, 1984) ; yet the regulable depth of isch emia is sufficient so that additional systemic insults need not be employed. Given the asymmetric na ture of the model preparation (recall that one ca rotid artery is subject to external balloon compres sion, while the other is cannulated and effectively eliminated as a source of hemispheric blood), the presence of interhemispheric differences in blood flow supply is perhaps to be expected.
Certain advantages do follow from the proce dural steps contributing to this asymmetry. The monitoring of arterial pressure from the carotid vessel should provide a much better estimate of perfusion forces directly influencing the parenchyma than systemic arterial pressure, as argued by Fuji shima and Omae (1976) . It is of interest that blood flow tends to be consistently higher within the hemisphere ipsilateral to the input vessel, probably reflecting a pressure drop within the communi cating channels of the circle of Willis (Fig. 6) . One unexpected benefit of the model's asymmetry thus appears to be the generation of two differing sets of hemisphere-dependent blood flows for a single per fusion pressure; the animal would act as its own control if one were interested in, for example, com paring the effects of different flows on developing morphologic injury. In addition, the absence of any requirement for heparinization and intravascular volume manipulation (unlike hemorrhagic hypoten sive models) obviates concern about the compli cating effects of altered hematocrit and rheologic properties of blood, which have been shown to in fluence experimental outcomes.
The use of reversible extravascular balloon com pression and spring-loaded microclip occlusion by this model permits reperfusion of compromised tissue. However, the necessity for paralytic drugs, tracheostomy, and thoracotomy limits histologic assessment of acute ischemic injury to a 6-to 8-h period. Thus, the study of "delayed neuronal death" (Kirino, 1982; Pulsinelli et aI., 1982a; Petito and Pulsinelli, 1984) , which requires 2-4 days of restored circulation, is beyond the present capabili ties of this model. In summary, an acute ischemic animal model is described that features computer-assisted servo control of CPP following unilateral carotid artery cannulation and bilateral subclavian artery occlu sion. The automated system can generate multiple low-variance partial ischemic states in the rat brain, permitting efficacious evaluation of potential thera peutic agents under constant pressure conditions. 
